Evolution of stress–strain models of stainless steel in structural engineering applications by Dundu, Morgan
Evolution of stress–strain models of stainless steel in 
structural engineering applications 
 
Morgan Dundu 
Department of Civil Engineering Science, University of Johannesburg 
P O Box 524, Auckland Park, 2006, South Africa 
E-mail: morgandundu@gmail.com 
 
 
Abstract  
 
Stainless steel is a family of steel alloys with a minimum of approximately 10.5% mass of chromium. 
Unlike carbon steel, it has high corrosion and heat resistant properties. Stainless steel does not easily 
corrode because it forms an invisible thin passive film of about 5x10-6mm of chromium oxide (Cr2O3), 
which is impervious to water and air. If this film is damaged by scratching, it repairs itself as 
chromium in the steel reacts rapidly with oxygen and moisture in the environment to re-form the 
oxide layer. Since the early 20th century a lot of research work has been performed to understand the 
stress-strain response and mechanical properties of materials which exhibit non-linear behaviour over 
the complete shape of the stress-strain curve. Significant progress was achieved when the Ramberg–
Osgood model was developed, however, there is consensus amongst researchers that this model is 
only accurate up to the 0.2% proof stress. As designs become more complicated and refined, it is clear 
that the behaviour of non-linear materials cannot be fully described by the Ramberg–Osgood model. 
Advanced numerical analysis and design requires knowledge of the stress-strain relationship of the 
alloys over a full range of the stress-strain curves. This paper provides a detailed review of the 
evolution of the stress-strain models of stainless steel, in literature.  
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1. Introduction 
 
The family of stainless steel is generally classified, according to their crystal structure, into five 
groups, namely; Austenitic stainless steels (17-18% chromium and 8-11% nickel), Ferritic Stainless 
steels (10.5-18% chromium), Martensitic stainless steels (similar to ferritic steels), Precipitation 
hardening stainless steels (similar to 18% chromium and 8% nickel austenitic steels) and Duplex 
stainless steels (21-26% chromium, 4-8% nickel and 0.1-4.5% molybdenum). In the past, there has 
been a perception that the different groups of stainless steel behaves in the same way as carbon steel. 
Several research have actually shown that stainless steel exhibits different mechanical properties from 
carbon steel [1-11]. Unlike carbon steel, which exhibits an elastic behaviour up to the yield stress and 
a plateau before strain hardening, stainless steel exhibits non-linear stress-strain behaviour at much 
lower stress levels (approximately at 36 to 60% of the yield strength) than carbon steels (assumed to 
be at least 70% of the yield point) [11], with no well-defined yield stress (Figure 1). What complicates 
the behaviour of stainless steel is that the degree of roundedness of the stress-strain varies from one 
group of stainless steel to another, and sometimes it varies within the same group, depending on the 
composition of the alloy. Austenitics are the most widely used stainless steels in the structural steel 
industry, and show the largest non-linearity. Since stainless does not have a defined yield point, its 
yield strength or proof strength is defined for a particular off-set strain, usually 0.2% strain (Figure 
1).   
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Stainless steel exhibit anisotropy or different material properties in the longitudinal and transverse 
direction, possess greater ductility and experience significant enhancement of corner strength 
properties than carbon steel during the cold working process. This means that they can absorb 
considerable impact without fracturing, and results in higher residual stresses than carbon steels. The 
work required to fracture the material is proportional to the area under the stress-strain curve. As a 
result of the vast difference in material properties between carbon and stainless steel and between the 
different groups of stainless steel, it is necessary to determine appropriate models for stainless steel 
alloys. Numerous models have been proposed to describe the non-linear behaviour of stainless steel, 
with austenitic steel showing the largest non-linearity and strain hardening properties than other 
stainless steels.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Typical stress-strain curves for carbon and stainless steel 
 
2. Early strain hardening models 
 
The shapes of the stress-strain curves of non-linear materials has generated considerable interest since 
1938, particularly for elements in compression, which may buckle at stresses beyond the elastic limit 
of the material. This is not surprising since the two commonly recorded properties, yield strength and 
elastic modulus, are insufficient to describe the complete shape of the stress-strain curve, unless the 
material follows Hooke’s law up to the yield point, and thereafter yield indefinitely under constant 
stress. Early attempts to develop non-linear models were presented by Donnell [12], Esser and Ahrend 
[13], Holmquist and Nadai [14], Ramberg and Osgood [15] and Hill [16].  
 
2.1 Donnell 
 
To model non-linear stress-strain curves, Donnell [12] derived a linear stress-strain curve from two 
yield stresses ( 21, ff ) at slopes of 43 0E  and 40E , respectively, where 0E  is Young’s modulus. The 
AISI Type 304 
(Grade 350) 
Duplex stainless steel 
AISI Type 2205 
f 
f 
f 
(N/mm2) 
 
model gave an approximate description of the tensile stress-strain curves of some aluminium alloys, 
however, the model covered a small region of the complete stress-strain curve, because of its linear 
shape. Further, the model was not accurate enough to model highly non-linear alloys at all levels of 
the stress-strain curve. It was also difficult to determine the stresses from the stress-strain curve, 
corresponding to the tangent modulus at slope 43 0E   and 40E  . Although the model was an 
oversimplification of the stress-strain shape of aluminium, it helped to initiate research into more 
advanced models.    
 
2.2 Esser and Ahrend  
 
Esser and Ahrend [13] noticed that when the non-linear stress-strain curves of many materials were 
plotted on log-log paper, the curves could be approximated by two straight lines. The stress at the 
intersection of these two lines was then defined as the yield strength. The behaviour of the material 
below and above the yield strength would then be described by the slopes of the two lines. Esser and 
Ahrend’s model [13] was a noticeable improvement over Donnell’s model [12], as the two straight 
lines attempted to describe the lower and upper part of the strain-strain curve. Despite this, two 
disadvantages were realized in this model; 1) sufficient stress-strain data is required on the log-log 
paper in order to determine the straight line, and 2) no information is given about the transition region 
within the intersection of the straight lines. As with Donnell’s model [12], Esser and Ahrend’s model 
[13] could not adequately describe the complete shape of non-linear materials.  
 
2.3 Holmquist and Nadai  
 
In an attempt to develop analytical expressions that would accommodate plastic buckling of 
aluminium and its alloys, Nadai in Holmquist and Nadai [14], proposed a four-parameter model, in 
Equation 1 to represent the two regions of a stress-strain curve (region below and above yielding), 
where   is the strain, f  is the stress, oy  is a specific permanent strain corresponding to the offset 
yield strength ( oyf ), yf  is the proportional limit and n  is a constant (Figure 2(a)). The first part of 
the equation ( yff  ) covers the elastic stress-strain response and the second part covers the plastic 
stress-strain response ( yff  ). These equations approaches Esser and Ahrend’s two straight lines 
[13], as asymptotes for low and high stress, if a logarithm is applied to both sides of the equations. 
Notice that this is the first time two equations were developed to describe the elastic and plastic part 
of the stress-curve of non-materials. Another advantage of Equation 1 is that the reduced modulus or 
tangent modulus in the non-linear stress-strain curve can easily be calculated by differentiating the 
strain with respect to the stress ( fdd  ), with yf  , oyf  , oy  , n  and E  as constants, however, a 
drawback of this method is that the exponent n cannot be determined directly from Equation 1.     
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Figure 2(b) shows Nadai stress-strain curves for various exponents ( n ) and specific values of yf , 
oyf , oy , and 0E . It is clear from Figure 2(b) that all the graph intersect at the 0.2% proof stress. Up 
to this stage it is not clear whether these models were also applicable to stainless, as previous 
investigations focused on aluminium. It is also not clear whether the models are suitable for 
compressive data.  
 
  
 (a) Stress-strain curve      (b) Stress-strain curves for various n 
 
Figure 2 Nadai non-linear stress-strain curves 
 
2.4 Ramberg and Osgood  
 
Ramberg and Osgood [15] proposed Equation 2 to describe the non-linear relationship between stress 
and strain, in terms of three parameters, namely; Young’s modulus ( 0E ), and two constants ( K  and 
n ). The objective of the research was to establish yield parameters that would give a better description 
of the stress-strain curve than those that were available. Similarly to Nadai’s second equation, the 
first term of the strain in this equation is the elastic part, the second term is the plastic part, and 
parameters K  and n  describes the hardening behavior of the material, and are dependent on the 
material considered. If the proportional limit is taken as zero ( 0yf ), and the requirement that oy  
is the strain corresponding to oyf  is dropped, then  nyy fEK 0  , and Nadai’s second equation 
becomes the same as Ramberg-Osgood’s equation.  
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Equation 2 was found to be suitable, not only for aluminium alloys, but also for other nonlinear 
metals, such as stainless steel. The model was also found to be adequate for both tension and 
compression data. If the stress-strain curve is intersected by a line of slope 010 EmmE   ( 10 1  m ) 
fy 
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Eo = 207GPa 
foy= 414 MPa 
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from the origin, as shown in Figure 3(a), then, 
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where, 1f  is the secant yield strength, or ordinate of the intersection of the stress-strain curve.	The	
shape	factor	n  is obtained by specifying a second yield point ( 22,f ) through which the stress-strain 
curve must pass and intersected by a line of gradient 2m  from the origin (second secant modulus of 
02Em ), as given in Equation 4 
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The constants K  and n  were evaluated, using two simultaneous equations, at slopes of 070.0 E  and 
085.0 E , in terms of two secant yield strengths. Ramberg and Osgood [15] chose 7.01 m  because 
the corresponding stress is approximately the 0.2% offset yield stress for aluminium, which was the 
principal material in their investigation, and 85.02 m , because it is halfway between 7.0  and 0.1  
(largest possible value for 2m ). Equation 2 can be re-written in terms of the stress 1f  and 1m  at point 
( 11,f ), to give 
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A group of curves for different values of n  and 7.01 m  are shown in Figure 3(b). As shown in this 
figure, there is a distinct yield stress and the graphs are inelastic. The graphs approaches a perfectly 
plastic behaviour as the shape factor gets larger. In order to use Ramberg-Osgood approach, it is 
recommended to measure the initial elastic modulus 0E  , and then observe where the lines of 
070.0 Ef   and 085.0 Ef   intersect the measured stress-strain data.  
	
	
	
	
	
	
	
	
	
			
	
6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Determination of secant yield strength  (b) Stress-strain curves for various shape factors 
 
Figure 3 Secant Ramberg-Osgood stress-strain curves for various shape factors 
 
2.5 Hill  
 
Hill [16] modified the Ramberg-Osgood model [15] from determining the two constants ( K  and n ) 
using the secant yield strength to the offset method, where K  and n  could be evaluated using two 
offset yield strengths values ( 11,f  and 22,f ) in the non-linear part of the curve. Hill [16] suggested 
the commonly used value of 0.2%, and 0.1% (half of 0.2%) as offset values. An offset value of 0.1% 
would locate a point on the stress-strain curve, between the elastic range and the yield strength value. 
If %1.01  and %2.02   are substituted into the Ramberg-Osgood equation, with the modulus of 
elasticity ( E ) equal to the initial modulus of elasticity ( 0E ), then the strain and strain hardening 
expressions would be as given in Equations 6 and 7, respectively.    
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Originally developed for aluminium alloys, the modified Ramberg-Osgood model has been a popular 
non-linear model, not only for this alloy, but also for other nonlinear metals such as stainless steel 
alloys. Because of this popularity it has been used in the American (SEI/ASCE-8-02) [17], Australian 
(AS/NZS4673) [18], South African (SANS10162-4) [19] and European (EN 1993-1-4) [20] 
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standards, with 0.1% offset replaced by 0.01%. The model is simple to use since it is based on three 
parameters, that is, the initial Young’s modulus ( 0E ), the proof stress ( 2.0f ) corresponding to the 
plastic strain (0.2%), and a strain hardening constant ( n ).  
 
3. Recent strain hardening models at room temperature 
 
The anomaly with Hill’s [16] modified Ramberg-Osgood model is that although it gives excellent 
stress-strain predictions of stainless steel up to the 0.2% proof stress, it over-predicts the experimental 
stress-strain curves after this point. As shown in Figure 4 [21], the Ramberg-Osgood model over 
estimates the stresses at large strains. This implies that it is unable to predict structural elements, 
which undergo excessive deformation before reaching their ultimate capacity. Cases in point include 
Class 1 or compact beams, plates in compression and alloys of low values of n. To solve this anomaly, 
several authors developed two-stage (MacDonald et al [8], Olsson [21], Mirambell and Real [22], 
Rasmussen [23], Gardner and Nethercot [24], Gardner and Ashraf [25]) and three-stage (Quach et al 
[26] and Hradil et al [27]) full-range stress-strain models to describe the behaviour of different 
stainless steels, from the onset of loading to the ultimate load. These models were developed from 
the materials properties in Table 1, and calibration stresses and strain hardening exponents in Table 
2. Note that all models were obtained by fitting analytical curves on stainless steel experimental data, 
and that the material strengths in Table 1 and the corresponding strain hardening exponents in Table 
2 were derived from coupons only. Where these values were derived from both coupons and full 
sections, the values from the full sections are given in brackets. As expected, the parameters in Table 
2 show substantial variability between different grades of stainless steel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Comparison between Ramberg-Osgood and test stress-strain curve [21] 
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Table 1 Properties of materials at room temperature  
Author Steel type Section Grade 
(AISI) 
Forming T/C t 
(mm) 
0.2% fy 
(MPa) 
fu 
(MPa) 
E0 
(GPA) 
Macdonald et 
al [8] 
Austenitic Lipped channels 304 Cold T 2.43 480 
(520) 
553 (689) 174.00 
Lipped channels 304 Cold T 3.05 460 
(540) 
541 (744) 180.00 
Olsson [21] Austenitic Steel plate 304 - T/C 4 278-297 608-629 - 
Duplex Steel plate 2205 - T/C 4 506-573 742-807 - 
Mirambell 
and Real [22] 
Austenitic SHS 304 Cold T 2.85 422 - 165.57 
RHS 304 Cold T 3.67 442 - 161.16 
H 304 Hot T 7.83 414 - 160.11 
Rasmussen 
[23] 
Austenitic RHS/Steel plate 
/C/CHS 
304/316L Cold T - 286-612 611-780 180-198 
Ferritc Steel plate 430 - T - 320 622 200 
Steel plate 3CR12 - T - 275 444 195 
Duplex Steel plate 2205 - T - 575-699 805-878 190-215 
Gardner and 
Nethercot 
[24] 
Austenitic SHS 304 Cold T/C 2-8 261-501 653-715 186.6-208.8 
RHS 304 Cold T/C 2-6 297-605 663-754 187.2-209.3 
CHS 304 Cold T/C - - - - 
Hradil et al 
[29] 
Austenitic Steel plate 304 - T 4-20 301 455 176.5 
 HS 316L;321 Cold T - 332;292 395;360 180.9;178.4 
 SHS 304 Cold T - 428 658 150.1 
 RHS 304 Cold T _ 444 661 155.5 
Ferritc Coupon 430;441+;
409 
- T 1-3 321-393 419-556 179.1-190.5 
 HS 441+ Cold T - 488 505 194.75 
Duplex Steel plate 2205 - T 4-20 525 645 190.1 
Arrayago et 
al [31] 
Austenitic Steel plate 304 - T 3 295 668 207.6 
Ferritc Steel plate 430 - T 3 316 502 213.8 
Duplex Steel plate 2205 - T 3 634 830 213.6 
Chen and 
Young [37] 
Austenitic Steel section 304 Cold T 2 398 709 187 
Duplex Steel section SS2205 Cold T 2 731 870 227 
HS - Hollow section; T - Tension; C – Compression 
 
3.1 MacDonald et al  
 
MacDonald et al [8] developed a model from cold formed austenitic stainless (Type 304) steel lipped 
channels, which were tested as full sections and coupons in tension only. The cold-formed lipped 
channels (28x14.88x7.45x2.43C and 38x17.19x9.99x3.05C) had small web, flange and lip sizes, but 
reasonable large thickness. As shown in Table 1, the cold-formed lipped channels were of high 
strength material and the enhanced yield and tensile strength at the corners increased the strength of 
the full sections. In contrast to the coupon results, the thicker full section had a higher yield strength 
(540 MPa) than the thinner full section. This can be attributed to the thicker material, which required 
more cold work to produce channels with small tr  ratios. 
 
An initial attempt to use Hill’s method to model the experimental stress-strain curves, yielded strain 
hardening exponents, which were significantly smaller than the values obtained using the ‘best fit’ 
method, and overestimated the stress in both materials beyond a strain value of approximately 0.005. 
This inconsistency in Hill’s method was caused by the requirement of the curve to pass through 3 
points (origin, 0.2% proof stress and 0.01% offset stress). The 'best fit' method did not use the 0.01% 
offset stress point, but used a point in the plastic range, usually strains greater than 0.005.  
 
Whilst Hill’s method provided an accurate assessment of the stress-strain shape up to stress levels 
just beyond the 0.2% proof stress, the “best fit” method provided good accuracy at higher stress levels 
only. MacDonald et al [8] concluded that the 0.2% proof stress and the 0.01% offset stresses give 
accurate results at low strains and relatively low nonlinearity indices ( n ), but higher strain hardening 
exponents of n  should be used for higher strains. This suggests that if n  is allowed to vary as the 
strain increases then an accurate stress-strain relationship at all strains could be derived. A simple trial 
and error approach was used to best-fit a curve to stress-strain data of the coupons, to give Equation 
8.  
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As shown in Equation 6, Macdonald et al modified the Ramberg Osgood, so that the exponent n  is a 
function of the stress and constants i , j  and k , which are dependent on the thickness of the material 
tested. Although Equation 8 is very accurate at high strains, its applicability is limited to a particular 
alloy and thicknesses tested. For this alloy and thickness, the correct value of n  will have to be 
evaluated from the experimental curve. Varying the value of n  as the strain increases brings other 
complications to a simple design process. 
 
Table 2 Calibration stresses and strain hardening parameters of two-stage models 
Author Steel type Grade 
(AISI) 
T/C t Calibration stresses Strain hardening 
parameters  
Lower stresses 
(%)
Larger stresses 
(%) 
Lower 
strain (n) 
Larger 
strain (m)
Macdonald et al 
[8] 
Austenitic 304 T 2.43 Best fit Best fit Best fit Best fit 6.22 (6.65) 
304 T 3.05 Best fit Best fit Best fit Best fit 7.50 (6.00) 
Olsson [21] Austenitic 304 T/C 4.00 f0.2 f1.0 Best fit Best fit - - 
316 T/C 4.00 f0.2 f1.0 Best fit Best fit - - 
Duplex 2205 T/C 4.00 f0.2 f1.0 Best fit Best it - - 
Mirambell and 
Real [22] 
Austenitic 304 T 2.85 f0.05 f0.2 f0.2 fu 4.8 3.83 
T 3.67 f0.05 f0.2 f0.2 fu 6.16 3.40 
T 7.83 f0.05 f0.2 f0.2 fu 6.37 2.98 
Rasmussen [23] Austenitic 304 T - f0.01 f0.2 f0.2 fu 4.49-7.87 2.6-3.7 
Ferritc 430 T - f0.01 f0.2 f0.2 fu 6.37 2.8 
3CR12 T - f0.01 f0.2 f0.2 fu 12.2 3.2 
Duplex 2205 T - f0.01 f0.2 f0.2 fu 4.85-10.6 3.5-3.8 
Gardner and 
Nethercot [24] 
Austenitic 304 T/C 2-8 f0.01 f0.2 f0.2 f1.0 3.5-11.5 2.2-6.0 
Ashraf [26] Austenitic 304 T 3 f0.01 f0.2 f0.2 f1.0 5.8 2.7 
C 3 f0.01 f0.2 f0.2 f1.0 5.3 2.5 
T 3 f0.01 f0.2 f0.2 f1.0 5.4 3.4 
C 3 f0.01 f0.2 f0.2 f1.0 4.3 2.7 
Ferritic  430 - 3 f0.01 f0.2 f0.2 f1.0 6.4 3.2 
3CR12 - 3 f0.01 f0.2 f0.2 f1.0 7.3 3.3 
Duplex  - 3 f0.01 f0.2 f0.2 f1.0 5.0 3.4 
Real et al [30] Austenitic 304 T - f0.05 f0.2 f0.2 f1.0   
Ferritic  430 T - f0.05 f0.2 f0.2 f1.0   
Duplex 2205 T - f0.05 f0.2 f0.2 f1.0   
Arrayago et al 
[31] 
Austenitic 304 T 3 f0.05 f0.2 f0.2 fu 7 - 
Ferritic 430 T 3 f0.05 f0.2 f0.2 fu 14 - 
Duplex 2205 T 3 f0.05 f0.2 f0.2 fu 8 - 
Chen and 
Young [37] 
Austenitic 304 T 2.0 f0.2 f0.5 f1.5 f2.0 - - 
Duplex 2205 T 2.0 f0.2 f0.5 f1.5 f2.0 - - 
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3.2 Olsson  
 
To complement extensive plastic studies on stainless steel welded girders, Olsson [21] conducted tests 
on a large number of uniaxially and biaxially loaded coupons from relatively low strength austenitic 
steel and fairly high strength duplex steels (Table 1). From the stress-strain graphs of these steels, he 
observed that the test stress–strain curve approached a straight line, at large strains (strains larger than 
2%), when the stress–strain curve was plotted as true stress against engineering strain. To model the 
complete experimental stress-strain graphs, Olsson [21] approximated the true-stress versus 
engineering strain up to a total strain of 2% using the Ramberg–Osgood, and a straight line after this 
point onwards. The straight line was found to be the best fit for the measured stress–strain curve and 
did not necessarily have to pass through the true ultimate tensile strength. This approach is simple to 
use, however, it is not accurate at small strains, since it assumes the Ramberg–Osgood curve for total 
strains up to 2%. The use of 0.2% and 1% proof stresses to determine n-parameter means that this 
method is not accurate enough for strains below the proof strain.  
 
3.3 Mirambell and Real  
 
In a study of the deflection of austenitic stainless (AISI 304) steel beams, fabricated from 80x80x2.85 
SHS, 80x120x3.67 RHS, 100x100x7.83 H sections, Mirambell and Real [22] proposed a two-stage 
equation to model the stress-strain behaviour of stainless steel. The model adopted Ramberg-Osgood 
model for stresses up to the proof stress, however the strain hardening exponent ( n ) was determined 
using 0.2% and 0.05% proof stresses as suggested by Rasmussen and Hancock [4], instead of 0.2% 
and 0.01% proof stresses used in SEI/ASCE-8-02 [17]. For stresses above the proof stress, a modified 
Ramberg-Osgood model with a new reference system (Figure 5), was proposed, as shown in Equation 
9. 
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where, E0.2 is the tangent modulus at the 0.2% proof stress (as given in Equation 9a), uf  and up  are 
the new reference system ultimate strength and ultimate plastic strain, respectively. Note that the 
tangent modulus at the end of the first model is equal to the tangent modulus at the beginning of the 
second first model. The transformed equation (Equation 9) can be converted into the general format 
(Equation 10), from the origin, if the new reference strain and stress are defined as 2.0   and 
2.0fff   , and the corresponding ultimate plastic strain and tensile strength are defined as 
  2.02.02.0 Effuuup    and 2.0fff uu  . 
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where, 2.0  is the total strain at 0.2% proof stress, u  is the total strain at ultimate strength uf  and m  
is the nonlinear strain hardening parameter of the second stage.  Parameter m  is not related to n  and 
need to be established separately, from the ultimate strength ( uf ) and another intermediate strength (
if ), by trial and error to match the experimental stress-strain curve. The second part of the model was 
obtained by shifting the origin of the basic Ramberg-Osgood expression ( 0,0 ) to the vertical strain 
of the 0.2% proof stress, so that the shifted graph is parallel to the original one, as shown in Figure 5. 
In this figure, up  is the ultimate plastic strain and f  is the strain at fracture. This equation agreed 
with tests results, however, the use of ultimate stress uf  and the ultimate strain u , might limit the 
application of the model to tension behaviour only. In addition the model was developed based on 
one type of stainless steel. This might also limit its applicability to other stainless steels. The curve 
defined by this equation produces a small error because it does not pass through the point of total 
strain at ultimate stress ( uu f, ), however, the errors incurred are negligible due to the high ductility 
of stainless steels. For 1m , Equation 10 can predict the straight line at larger strains, reported by 
Olsson [21].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Mirambell and Real’s two-stage stress-strain model   
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3.4 Rasmussen  
 
Rasmussen [23] independently developed a model exactly the same as Mirambell and Real’s two 
stage model in Equation 10, however, in Rasmussen’s model the strain hardening exponent n  was 
determined, based on 0.2% and 0.01% proof stresses. As shown in Equation 11, the model assumes 
that the ultimate plastic strain ( up ) is approximately equal to the general total ultimate strain ( u ), 
which is a function of the 0.2% proof strength and the ultimate stress (Equation 11b). Negligible error 
is obtained by approximating the transformed ultimate plastic strain by the total ultimate strain 
because of the ductility of stainless steels. Rasmussen is credited for providing more clarity and depth 
on the application of the two-stage expression in Equation 11, as illustrated by the development of 
the ultimate strength and strain expressions, and the additional strain hardening exponent of different 
stainless steels, in terms of the three basic Ramberg-Osgood parameters, 2.0f , 0E  and m  (Equations 
11a -11f) only, instead of six parameters proposed in Mirambell and Real’s model.  
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(a) Ramberg-Osgood model    (b) Shifted Ramberg-Osgood model   
 
Figure 6 Rasmussen’s two-stage stress-strain model   
 
Rasmussen’s model has been included in Annex C of EN 1993-1-4 [20]. The model has a wider 
application since it was developed for both austenitic, ferritc and duplex stainless steels. Most 
importantly, the model was also able to predict the straight line observed by Olsson [21] at larger 
strains. Although the model is assumed to be suitable for both alloys in tension and compression, the 
ultimate stress uf , strain u  and strain-hardening exponent m were developed from tension coupons. 
This means that the model may not adequately apply to stainless steels in compression. Using 
measured stress-strain curves from Korvink et al. [5], Macdonald et al. [8], Rasmussen et al. [23], 
Gardner and Nethercot [25], Quach et al [27] demonstrated that Rasmussen’s model predicted tension 
coupon tests very well, however the model underestimated the compression coupon tests. Quach et al 
[27] also noted an increase in divergence between experimental and modeled stress-strain curves with 
increase in strain. The formulation proposed by Mirambel and Real [22], and Rasmussen [23] was a 
great improvement over the often used Ramberg-Osgood relationship, however, it did not consider 
stainless steel specimens that are in compression.  
 
3.5 Gardner and Nethercot, and Gardner and Ashraf 
 
In a research work on the material and cross-sectional behavior of hollow sections (SHS, RHS, CHS) 
of austenitic steel, Gardner and Nethercot [24] recognised that Mirambell and Real, and Rasmussen`s 
models [22] were limited to tensile stress-strain behavior (which includes necking) because of its 
reliance on the ultimate stress ( uf ) and the ultimate strain ( u ). Such a model would not work in 
specimens subjected to compression, where necking does not exist. Early studies by Johnson and 
Winter [1] suggested that the tension and compression response of stainless is different. In addition, 
strains at ultimate strength ( uf ) are far much higher than strains experienced by general structural 
f 
f0.2 
f
 
 (εu,fu)
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systems. This means that there is greater chance of variation between the model and the test stress-
strain curve at such strains than if a lower strain was used. Added to this, the structure might be 
unserviceable before it reaches such strains. As in the previous models, Hill’s Ramberg-Osgood 
model was used up to 0.2% proof stress. A new model (Equation 12), with 1% proof stress ( 0.1f ) as a 
calibrating stress, was proposed in place of the ultimate stress ( uf ) for stresses larger than 0.2% proof 
stress. 
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where, 0.2  and 0.1  are the total strains at 0.2f  and 0.1f  , respectively, and m  is a strain-hardening 
exponent from 0.2 – 1.0% proof stress ( 0.10.2 ff  ). Equation 12 gave excellent results, up to tensile 
strains of about 10% for tension coupons and up to compressive strains of about 2% for compression 
coupons, since the compression coupons were loaded up to about 2% strains. Strains are not limited 
to 0.1 , and although point 0.1f  was chosen as a calibration point, Equation 12 did not pass through 
this point. However, the errors associated with this anomaly are negligible. To ensure that the curve 
passes through this point, Gardner and Ashraf [25] modified Equation 12 to give Equation 13. 
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In this equation, the material parameters are limited to four due to the relationship between the 0.2% 
and 1.0% proof stresses. Note that 008.02.00.1  . As for Rasmussen’s model, this model has a 
wider application since it was developed for both austenitic, ferritc and duplex stainless steels. Ashraf 
[26] proposed the values of n  and m  in Table 2, which were used in Equation 13.  
 
3.5 Quach et al  
 
Up to this stage, the proposed recent strain hardening models divided the stress–strain curve into two 
sections of strains, that is, one below and above 0.2% strain. In Quach et al’s [27] work, a three-stage 
expression was proposed to model the full stress-strain response of austenitic, duplex, and ferritic 
stainless steel specimens in both tension and compression. The investigation was motivated by the 
desire to increase the accuracy of the model and to extend the stress-strain model to the level likely 
to be encountered in the corners during the cold-forming process of stainless steel sections. This model 
was largely based on the Ramberg-Osgood expression and the work of Gardner and Nethercot [24], 
and Gardner and Ashraf [25]. Similarly, to other strain hardening models, the standard Ramberg-
Osgood expression was adopted up to the 0.2% proof stress ( 2.0ff  ), whilst Gardner and Ashraf’s 
[25] model was adopted for the second stage covering the zone from 0.2% proof stress to 2% proof 
stress ( 0220 .. fff  ). The third stage ( 02.ff  ) was based on the work of Olsson [21], who found 
that there is little change in the slope variation of the stress-strain curve beyond 0.2f . A summary of 
the calibration stresses of three-stage models is given in Table 3. Guided by this work, Quach et.al 
[27] developed the third part of the stress-strain curve in Equation 14, on the assumption that stress–
strain behaviour at high strains can be represented as a straight line, passing though the point of 2% 
proof stress and the ultimate strength for true stress-nominal strains. Expressions for the 2% proof 
stress ( 0.2f ), 1% proof stress ( 0.1f ), strain hardening exponent m for the curve that passes through 
0.2f  and 0.1f  , ultimate strength uf  and ultimate strain u  were proposed. Material properties from 
Korvink et al [5], Macdonald et al [8], Gardner and Nethercot [24] and Rasmussen et al [28] were 
used to validate the model. 
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In equation 14, the upper sign corresponds to tension, and the lower sign to compression. Since 
Equation 14 is based on true stresses and strains, this implies that Quach’s complete model has a mix 
of engineering and true values. This inconsistency can be avoided by using engineering stresses and 
strains, and convert to true stresses and strains during numerical modelling. Despite the fact that this 
investigation was stimulated by a strong desire to develop a stress-strain model that would describe 
the strains likely to be encountered in the corners during the cold-forming process of stainless steel 
sections, this was not achieved, since the model presented in this paper was based on experimental 
data from virgin materials and materials from flat portions of cold-formed sections. 
 
Table 3 Calibration stresses of three-stage models 
Author Steel type Grade (AISI) T/C T Calibration stresses 
Lower (%) Medium (%) Larger (%)
Quach et al Austenitic 304 T - f0.01 f0.2 f0.2 f2.0 f2.0 fu 
Ferritc 430 T - f0.01 f0.2 f0.2 f2.0 f2.0 fu 
Duplex SS2205 T - f0.01 f0.2 f0.2 f2.0 f2.0 fu 
Hradil et al Austenitic 304/316L/321 T 2-8 f0.01 f0.2 f0.2 f1.0 f1.0 fu 
Ferritc 430/441+/409 T 1-3 f0.01 f0.2 f0.2 f1.0 f1.0 fu 
Duplex 2205 T 4-20 f0.01 f0.2 f0.2 f1.0 f1.0 fu 
 
3.6 Hradil et al  
 
Based on Mirambell and Real’s approach [22], Hradil et al. [29] proposed a three-stage model for 
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austenitic, duplex and ferritic stainless steels, which uses the Ramberg–Osgood equation for every 
stage, but with different reference systems. At each stage, the model is formulated using the initial 
tangent modulus of elasticity ( iE ), stress ( if ), plastic strain ( pli )and a nonlinear parameter ( in ), as 
shown in Equation 15.  
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where the tangent modulus of the next stage of the model is  
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In its simpler form, the second and third part of the model adopted Gardner and Ashraf’s model [25], 
as given in Equations 16. 
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3.6 Real et al  
 
As more models came into existence the number of parameters required to define the model increased, 
making them more complicated for practical use. After Hradil et al’s three stage model [29], it seems 
there is a feeling among researchers that a two-stage model with a reduced number of material 
parameters would probably offer a balance between accuracy and practicality. Perhaps the adoption 
of Rasmussen’s stress-strain model in Annex C of EN 1993-1-4 [20] was enough motivation to shift 
the focus of researchers from developing more models to refining existing models. Real et al [30] 
analysed different expressions for calculating material parameters, proposed by several authors and 
used in a variety of codes, using experimental data of different stainless steel types. The study was 
particularly focused on Rasmussen’s material parameters. An interactive computer programme that 
automatically determines the material parameters and strain hardening coefficients from experimental 
data for selected material models was developed, however, the tool was developed from virgin steel 
only. This implies that enhancement of the yield stress and ultimate strength, and residual stresses 
were ignored. A proof stress of 0.5% was used to determine the strain hardening factor ( n ) instead of 
0.1%. The authors proposed new expressions for calculating the ultimate stress of ferritic steels 
(Equation 17), and the first and second strain-hardening exponents n  and m , as given in Equations 
18 and 19.  
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Real et al [30] recognized that, since these expressions were deduced from limited number of test data, 
further research was needed to extend their applicability to other stainless steel families and cold-
formed stainless steel. 
 
3.7 Arrayago et al 
 
Revised material parameters were further proposed by Arrayago et al [31] for use in Rasmussen’s 
model (Annex C of EN 1993-1-4 [20]), from a comprehensive experimental database of tensile tests 
on austenitic, ferritic and duplex stainless steel coupons, obtained from literature, to try and 
accommodate the wide variety of stainless steel alloys. More than 600 measured stress–strain curves 
were analysed in order to obtain the key material parameters, through a curve fitting process based on 
least squares adjustment techniques. The study confirmed the accuracy of Rasmussen’s model, in 
Annex C of EN 1993-1-4 [20], to represent the measured stress–strain curves for different stainless 
steel grades and material types, with revised expressions and numeric values for the strain hardening 
parameters (n and m) for all stainless steel families and expressions for ultimate tensile stress and 
strain for ferritic stainless steels, as given in Equations 20-23. 
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This study verified the accuracy of the predictive expressions for the ultimate stress for ferritic grades 
of stainless steel and the first strain hardening parameter ( n ) proposed by Real et al (Equations 17 
and 18) [31], and reduced the two separate second strain hardening parameters for austenitics and 
ferritics (Equation 19) into one for all grades of steel (Equation 21). These new predictive expressions 
have been included in EN 1993-1-4:2006/A1:2015 [32] and the Design Manual for Structural 
Stainless Steel [33].   
 
4. Recent strain hardening models at elevated temperature 
 
Despite the fact that investigations into the mechanical properties of stainless steel at elevated 
temperatures were first reported in 1970s (Hoke [34]; AISI Handbook [35]) and later in the 1990s 
(Sakumoto et al. [36], AlaOutinen and Oksanen [37] and Ala-Outinen [38]), there has not been as 
many models developed at elevated temperature as compared to stainless steel at room temperature. 
Chen and Young [39], and Gardner et al [40] noted that accurate prediction of the material properties 
of stainless steel at elevated temperatures is absolutely necessary to determining the load-carrying 
capacity of structures under fire conditions.  
 
4.1 Chen and Young 
 
In an extensive test programme of austenitic (AISI 304) and duplex stainless steel coupons, Chen and 
Young [39] developed stress–strain model for temperatures ranging from approximately 20 - 1000C, 
under both steady or isothermally state (specimen is heated up to the required temperature and then a 
tensile test is performed) and transient or anisothermally state (specimen loaded to a specified level 
and the temperature is gradually increased until failure), including reduction equations for the yield 
strength, elastic modulus, ultimate strength and ultimate strain of stainless steel types at elevated 
temperatures. The transient state is considered to be more representative of the actual fire situation. 
In addition, temperature dependent strain hardening parameters ( n  and m ) for the two grades of steel 
were proposed. As shown in Equation 24, the first part of the model is based on Ramberg-Osgood’s 
model, and the second part on Rasmussen’s model, which was recalibrated for elevated temperatures.  
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In Equation 24, T  is the strain at stress Tf , uT  is the strain at ultimate strength uTf , T2.0  is the 
strain at the yield strength Tf 2.0  , TE  is the elastic modulus, TE 2.0  is the elastic modulus at yield 
strength, all at temperature TC. Generally, the proposed stress–strain curve modeled accurately the 
duplex stainless steel, and conservatively predicted the AISI 304 stainless steel for the temperature, 
ranging from 22 to 960C. A comparison of the yield strengths and elastic modulus obtained from the 
tests with AS 4100 [41], BS5950-8 [42] and EN 1993-1-4 [20] predictions, showed the standards to 
be unconservative for low temperatures (80 - 450C), but conservative for temperatures up to 
approximately 1000C.  
 
4.2 Gardner et al  
 
Further work on the stress-strain response of stainless steel alloys at elevated temperatures was 
provided by Gardner et al [40] by means of the Ramberg-Osgood formulation in Equation 25. The 
model uses 0.2% proof strength and the strength at 2% total strain in the second stage of the curve, in 
conformity with Eurocode 3 (EN 1993-1-2), instead of the 0.2% and 1% proof strengths, which are 
commonly used at room temperature. 
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where, f2.0T is the strength at 2.0% total strain at temperature T. Gardner et al demonstrated in this 
study that Chen and Young’s model provides a lower bound to the majority of the data set. Both Chen 
and Young [39] and Gardner et al [40]’s models have been included in EN 1993-1-4:2006/A1:2015 
[32] and the Design Manual for Structural Stainless Steel [33].   
 
4. Conclusions 
 
An attempt has been made in this paper to discuss important stages of the development of the stress-
strain models for stainless steel and to demonstrate that the early strain hardening models and the 
recent strain hardening models are interconnected. All models use parameters that were established 
by fitting the analytical curve to stainless steel experimental data. From the review, it is clear that the 
non-linear stress–strain model, proposed by Ramberg and Osgood [15], and modified by Hill [16] is 
still the best model for stresses up to the 0.2% proof stress. All studies have shown that the modified 
Ramberg–Osgood formulation, which needs only the strain-hardening exponent n, gives excellent 
agreement with stainless steel experimental stress–strain data up to the 0.2% proof stress, however it 
over estimates the stress at larger strains. Thus the model is unable to predict structural elements, 
which undergo extensive straining before reaching their ultimate capacity. To solve this anomaly, 
several authors developed two-stage (MacDonald et al [8], Olsson [21], Mirambell and Real [22], 
Rasmussen [23], Gardner and Nethercot [24], Gardner and Ashraf [25]) and three-stage (Quach et al 
[26] and Hradil et al [27]) full-range stress-strain models to describe the behaviour of different 
stainless steels, from the onset of loading to the ultimate load.  
 
The main distinction between these models is in the number of parameters used in the model, and the 
calibrating stresses of the stress–strain curves. Mirambell and Real, and Rasmussen’s models uses 
two strain-hardening parameters (n up to 0.2% proof stress and m from 0.2% proof stress up to the 
ultimate stress) to describe the stress-strain relationship up to the ultimate strength. To achieve this, 
Mirambell and Real’s model requires six parameters, whilst Rasmussen’s model requires only three 
parameters. Whilst Gardner and Nerthercot’s model is similar to Mirambell and Real, and 
Rasmussen’s models in that it has two strain-hardening parameters, it is defined for stresses up to the 
1% proof stress. In the three-stage models, the ultimate strength is the upper limit, however the 
maximum parameter of the second model are different in that Quach et al uses 2% proof stress as the 
limit, whilst  Hradil et al uses 1% proof stress as the limit.  
 
Rasmussen’s two-stage stress-strain model, which requires only three parameters to describe the 
complete shape of the stress-strain curve at room temperature, has been adopted in Annex C of EN 
1993-1-4:2006/A1:2015 [32] and the Design Manual for Structural Stainless Steel [33], to offer 
balance between accuracy and practicality, with revised expressions and numeric values for the strain 
hardening parameters (n and m) for all stainless steel families and expressions for the ultimate tensile 
stress and strain. EN 1993-1-4:2006/A1:2015 [32] and the Design Manual for Structural Stainless 
Steel [33] has also adopted Chen and Young [39] and Gardner et al [40]’s models to describe the 
stress-strain model of stainless steel at elevated temperature. This shows that, for now, Rasmussen’s 
model offers the best representation of the measured stress-strain for different stainless steel grades 
and material types at room temperature, with revised expressions and numeric values for the strain 
hardening parameters (n and m) for all stainless steel families and expressions for ultimate tensile 
stress and strain for ferritic stainless steels, whilst Chen and Young [39], and Gardner et al [40]’s 
models, provides the best description of the measured stress-strain curves of stainless steel at elevated 
temperature.  
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